Spontaneous Ca2+ transients and their transmission in the developing chick retina  by Catsicas, Marina et al.
Brief Communication 283
Spontaneous Ca2+ transients and their transmission in the
developing chick retina
Marina Catsicas*, Viola Bonness*, David Becker† and Peter Mobbs*
The development of the central nervous system is
dependent on spontaneous action potentials and
changes in [Ca2+]i occurring in neurons [1–4]. In the
mammalian retina, waves of spontaneous electrical
activity spread between retinal neurons, raising [Ca2+]i as
they pass [5–7]. In the ferret retina, the first spontaneous
Ca2+ waves have been reported at postnatal day 2 and
are thought to result from the Ca2+ influx associated with
bursts of action potentials seen in ganglion cells at this
time [5–7]. These waves depend on depolarisation
produced by voltage-gated sodium channels, but their
initiation and/or propagation also depends upon
nicotinic cholinergic synaptic transmission between
amacrine cells and ganglion cells [8]. Here, we report
contrasting results for the chick retina where Ca2+
transients are seen at times before retinal synapse
formation but when there are extensive networks of gap
junctions. These Ca2+ transients do not require nicotinic
cholinergic transmission but are modulated by
acetylcholine (ACh), dopamine and glycine. Furthermore,
they propagate into the depth of the retina, suggesting
that they are not restricted to ganglion and amacrine
cells. The transients are abolished by the gap-junctional
blocker octanol. Thus, the Ca2+ transients seen early in
chick retinal development are triggered and propagate in
the absence of synapses by a mechanism that involves
several neurotransmitters and gap junctions.
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Results and discussion
The chick retina is readily accessible from very early devel-
opmental stages. When retinae were acutely excised from
chick embryos at developmental stages between day 6 (E6)
and E11, loaded with calcium green 1-AM and imaged at
35°C, spontaneous transients of [Ca2+]i were observed from
E8 onwards (Figure 1a). These spontaneous events con-
sisted of a fast rising phase (2–3 seconds) and a decay back
to control [Ca2+]i levels over 20–30 seconds, with a peak
fluorescence change of 2–12%. The mean frequency of the
Ca2+ transients was approximately one event per minute
and did not change significantly between E8 and E11
(1.03 ± 0.09 SEM at E8, n = 3; 1.35 ± 0.16 at E9, n = 22;
1.32 ± 0.07 at E10, n = 28; and 0.94 ± 0.06 at E11, n = 3).
Spontaneous activity was abolished upon removal of
extracellular Ca2+ (n = 3) and occurred only very rarely at
room temperature. 
When retinal flat-mounts were imaged at a lower magnifica-
tion, the events could be seen to propagate as waves across
regions of at least 1 mm of the ganglion cell surface of the
retina (Figure 1b). Successive transients did not show a
preferred direction of propagation, but instead could invade
the field of view from any point (see Supplementary mater-
ial for a movie showing these calcium waves). The speed at
which the wave fronts propagated was approximately
150 µm/second at E10. Thus, the kinetics of the Ca2+ waves
seen in the chick retina are similar to those described for
the mammalian retina. In the chick, however, Ca2+ tran-
sients occur up to 4 days before anatomically distinct synap-
tic specializations can be seen by electron microscopy [9].
To determine which cells participate in this spontaneous
activity, we imaged transverse slices of retina. Figure 1c
shows an example of two spontaneous Ca2+ transients in a
retinal slice from an E11 embryo. The time courses of the
events recorded in slices were similar to those recorded in
flat-mounts. In three out of five cases, the Ca2+ transients
could be observed throughout the depth of the retina from
the ganglion to the prospective photoreceptor cell layer
(Figure 1c), showing that spontaneous Ca2+ transients in
the chick are not restricted to amacrine and ganglion cells as
they are in mammals [6]. The time resolution (approxi-
mately 1 second) of our experiments did not allow us to
determine whether the Ca2+ transients were propagating
from the inner to the outer retina or vice versa. Gap-junc-
tional coupling between ganglion cells and cells spanning
the thickness of the retina (see later) may represent a mor-
phological substrate for the radial propagation of these Ca2+
transients through the depth of the retina. Sometimes the
fast Ca2+ changes seen in retinal slices were superimposed
on slower, longer-lasting Ca2+ fluctuations that were
restricted to a particular layer of the retina (Figure 1c). We
did not characterise these slower events. 
Bath application of the sodium channel blocker
tetrodotoxin (TTX; 2.5 µM) to E9–E10 retinae abolished
spontaneous Ca2+ transients (Figure 2), which recovered to
a frequency similar to that seen prior to its application after
a 10 minute wash in normal control solution. Thus, as in the
mammalian retina [6], the Ca2+ transients in the chick
retina are dependent on depolarisation produced by
voltage-gated sodium channels. In addition, the Ca2+ tran-
sients persisted when internal Ca2+ stores were depleted by
application of 10 mM caffeine (see Figure S1 in Supple-
mentary material). Inhibiting the refilling of internal stores
with 1.5 µM thapsigargin led to a reduction in frequency of
the Ca2+ transients but did not abolish them (see Figure S1
in Supplementary material). These results suggest that
Ca2+ transients in the chick retina rely primarily on an
influx of extracellular Ca2+ rather than a release of Ca2+
from intracellular stores.
Glutamate, GABAA (γ-amino-butyric acid) and ACh recep-
tors are present in the chick retina, and their activation
raises [Ca2+]i during the period when spontaneous activity
occurs [10,11]. Blocking glutamate receptors of the
NMDA (N-methyl-D-aspartate) and AMPA (α-amino-3-
hydroxy-5-methyl-4-isoxazolylpropionate)/kainate sub-
types with AP5 (D-2-amino-phosphonopentanoic acid;
20 µM) and CNQX (6-cyano-7-nitroquinoxaline-2,3-dion;
50 µM) had no effect on the frequency of the transients
(Figure 2). Similarly bicuculline (50 µM), a specific antag-
onist of GABAA receptors, had no effect (Figure 2). Block-
ing cholinergic nicotinic receptors with curare (100µM)
reversibly reduced the frequency of the Ca2+ transients to
49 ± 9% of control (Figure 2), whereas at the same concen-
tration, curare abolishes the Ca2+ activity seen in the mam-
malian retina [8]. Curare also abolishes the spontaneous
activity recorded in ganglion cells when applied to the
developing turtle retina [12]. Raising the concentration of
curare to 250 µM did not further reduce the frequency of
the events (the frequency was 65 ± 6% of control, n = 3,
P < 0.02). Thus, the release of ACh by chick retinal
neurons may modulate spontaneous Ca2+ activity but,
unlike the situation in mammalian retinal neurons, ACh
release is not required for Ca2+ transients to occur. Modu-
lation of Ca2+ activity by endogenous ACh was demon-
strated by applying the acetylcholinesterase inhibitor
eserine (50 µM) to block endogenous ACh breakdown: the
frequency of Ca2+ transients increased nearly three-fold
(Figure 2; 275 ± 62% of control). Although a direct agonis-
tic effect of eserine at the nicotinic receptor has been
reported [13,14], it is unlikely that eserine modulated Ca2+
activity in this way, as whole-cell recordings from acutely
excised retinae (n = 5) at E9–E10 showed that eserine
could not elicit a current in cells responsive to ACh (data
not shown). Application of the muscarinic antagonist
atropine (10 µM, n = 2) was without effect (data not
shown). Both GABA and glycine are able to depolarise
neurons at early times in development. We were unable to
demonstrate any rise in [Ca2+]i upon application of the
neurotransmitter glycine (n = 5), but currents induced by
glycine were apparent in 20% of ganglion cell layer
neurons (n = 16), as recorded by whole-cell patch-clamping
(V.B., unpublished observation). Application of the glycine
receptor antagonist strychnine (50 µM) reversibly reduced
the frequency of the Ca2+ transients to 49 ± 9% (Figure 2).
Co-application of 50 µM strychnine and 100 µM curare
still failed to abolish Ca2+ activity, however (activity was
reduced to 68 ± 9% of control; n = 3, P < 0.05), showing
that transients can pass between cells independently of
the nicotinic or glycinergic receptors. 
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Figure 1
Spatio-temporal characteristics of the
spontaneous Ca2+ transients. (a) Spontaneous
Ca2+ activity in an E8 retina. A region of
150 µm × 250 µm was imaged flat on the stage
of the microscope and maintained at 35°C.
Frames were acquired every second and the
average fluorescence over the entire field of
view was normalised to the fluorescence level
at the beginning of the experiment.
(b) Propagation of a Ca2+ wave across the
retina. Low-power images of the same field of
ganglion cells from an E11 retina taken at
1.5 sec intervals and colour-coded so that
brighter colours represent higher [Ca2+]i. The
white arrow indicates the wave-front and the
scale bar represents 200 µm. (c) Fast
spontaneous Ca2+ activity occurs throughout
the depth of the retina. The three-dimensional
pseudo-colour line-image graph shows how
[Ca2+]i changes through the depth of a
transverse retinal slice from an E11 embryo as
a function of time. Warmer colours reflect
higher [Ca2+]i. Two fast Ca2+ transients (white
arrows) can be seen spanning the depth of the
retina from the ganglion cell layer (GCL) to the
prospective photoreceptor layer (PRL). Slower,
longer-lasting changes in fluorescence were
occasionally seen over specific regions of the
retina (here, near the prospective PRL). ∆F%
corresponds to the percentage change in the
average normalised fluorescence over the field
of view.
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An extensive network of gap junctions connects chick gan-
glion and other retinal cells from as early as E7 [15]
(Figure 3), so we tested whether gap junctions represent a
substrate for the propagation of Ca2+ transients. Applica-
tion of the gap-junction blocker octanol (2 mM) signifi-
cantly and reversibly reduced the frequency of Ca2+
transients to 26 ± 4% of control (Figure 4), and also
reduced greatly the dye-coupling between ganglion-cell-
layer neurons and other cells (see Figure S2 in Supplemen-
tary material). The neuromodulator dopamine (DA) is a
physiological regulator of gap junctions in retinal cells, con-
trolling gap-junctional coupling in adult vertebrate
amacrine and horizontal cells [16–18]. DA exerted a dose-
dependent effect on the frequency of the transients;
100 nM DA reversibly increased the frequency to
155 ± 15% of control, whereas 50 µM or 100 µM DA
reversibly reduced the frequency to 51 ± 7% and 26 ± 12%,
respectively (Figure 4). Neither high nor low doses
of DA affected dye-coupling of ganglion-cell-layer
neurons (see Figure S2 in Supplementary material).
Inhibiting the uptake of endogenous DA using the
tropane derivative 3α-bis-(4-fluorophenyl)methoxytropane
(FPMT; 50 µM), thereby raising its ambient level, exerted
a time-dependent effect on the frequency of the transients;
upon application of FPMT, the frequency was increased to
127 ± 6% of control, whereas after 20 minutes the fre-
quency was reduced to 20 ± 12% of control (Figure 4), a
result consistent with the dose-dependent response to DA
itself. Another blocker of DA uptake, 1-(2-(bis-(4-
fluorophenyl)methoxy)ethyl)-4-(3-phenylpropyl)piperazine
(GBR12909; 50 µM), had a similar effect on the frequency
of the transients (frequency was 33% and 44% of control at
late times, n = 2). These effects of DA-uptake blockers
suggest that endogenous release of DA is important in the
regulation of the frequency of spontaneous Ca2+ transients.
The identity of the receptor(s) through which DA exerts its
actions remains to be established. DA receptors often
produce their effects via modulation of adenylyl cyclase and
thus of the intracellular concentration of cyclic AMP
(cAMP) [19]. We examined whether raising [cAMP]i with
forskolin would affect Ca2+ activity: application of forskolin
(10 µM) for 10 minutes increased the frequency of Ca2+
transients nearly three-fold (Figure 4; 289 ± 10% of control).
Two mechanisms could account for the effects of octanol,
dopamine and forskolin on the occurrence of Ca2+ tran-
sients. These compounds may either act on the extensive
network of gap junctions that we have shown to be
present in the embryonic chick retina at the time the tran-
sients occur and/or affect neuronal excitability by acting
on voltage-gated Na+ or Ca2+ currents [20–22]. We have
shown that octanol drastically reduces the dye-coupling of
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Figure 2
Ca2+ transients are dependent on voltage-gated Na+ channels and are
modulated by ACh and glycine. The frequency of spontaneous Ca2+
events at E9–E10 was normalised to the frequency in control solution
before application of the drugs. TTX (2.5 µM) abolished spontaneous
activity. Curare (100 µM) reduced the frequency of the Ca2+ events
(curare = 49 ± 9% of control, wash = 109 ± 23%), whereas blocking
the degradation of endogenous ACh with eserine (50 µM) increased
the frequency. This effect was only partially reversible (eserine = 275
± 62% of control, wash = 225 ± 38%). Application of strychnine
(50 µM) reduced the frequency of the Ca2+ transients
(strychnine = 49 ± 9% of control, wash = 109 ± 13%). Neither
bicuculline (50 µM) nor AP5 (20 µM) and CNQX (50 µM) had any
effect. A single asterisk denotes P ≤ 0.05 and two asterisks, P ≤ 0.002.
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Figure 3
Gap-junction networks are present in the chick retina at times when
spontaneous Ca2+ transients occur. Confocal microscope images from
an E11 retina. A ganglion cell (yellow) was whole-cell patch-clamped and
filled with two dyes: fluorescein–dextran (Mr 10,000), which stays
trapped in the injected cell (green), and neurobiotin (Mr 323), which is
free to diffuse through gap junctions and label any coupled cells (red).
(a) View from the ganglion cell surface. (b) Images from above rotated
through 90° so as to provide a transverse view. The ganglion cell is
coupled through gap junctions to 32 other cells, one of which extends
processes that span the depth of the retina: white arrow in (b). The scale
bar represents 20 µm.
ganglion-cell-layer neurons and abolishes Ca2+ transients,
results compatible with the hypothesis that gap junctions
may contribute to the propagation of Ca2+ transients. If,
however, DA acts on gap-junctional communication in the
chick retina rather than on neuronal excitability, it must
do so at a site other than the junctions between ganglion
and amacrine cells.
These results show that spontaneous Ca2+ transients occur
in the chick retina before synapses are formed and involve
action potentials but, unlike in the ferret, are not
absolutely dependent upon nicotinic cholinergic transmis-
sion. Spontaneous Ca2+ transients in the chick retina can
be regulated by glycine and DA and blocked by octanol,
suggesting that the mechanisms responsible for the
triggering and propagation of Ca2+ transients may depend
on both chemical and gap-junctional transmission.
Supplementary material
Full methodological details, two figures showing that Ca2+ transients
persist when internal Ca2+ stores are depleted and the effects of octanol
and dopamine on the number of cells dye-coupled to ganglion-cell-layer
neurons, and a movie showing wave activity are published with this paper
on the internet.
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Figure 4
Compounds that modulate gap junctions affect the frequency of Ca2+
transients. The frequency of spontaneous Ca2+ waves at E9–E10 was
normalised to the frequency in the control solution before application of
the drugs. Application of octanol (2 mM) reversibly reduced the
frequency of the events (octanol = 26 ± 4% of control,
wash = 142 ± 19%). DA exerted a dose-dependent effect on the
occurrence of the transients: application of 100 nM DA reversibly
increased the frequency of the transients (DA = 155± 15% of control,
wash = 103 ± 5%), whereas application of 50µM or 100 µM DA
reversibly reduced the frequency of the transients (50µM DA = 51 ± 7%
of control, wash = 96 ± 13%; 100 µM DA = 26 ± 12% of control,
wash = 98 ± 10%). Inhibiting endogenous DA uptake with 50µM FPMT
exerted a time-dependent effect on the frequency of the transients: upon
application of FPMT (FPMT short), an increase in transient frequency
was observed (FPMT short = 127 ± 6% of control), whereas after 20 min
FPMT treatment (FPMT long), the frequency was reduced
(FPMT = 20 ± 12% of control, wash = 31 ± 17%). The occurrence of the
Ca2+ transients did not recover to control levels within the duration of the
experiment (30 min). Increasing [cAMP]i with forskolin (10 µM) increased
the frequency of the Ca2+ transients (forskolin = 289 ± 10% of control,
wash = 114 ± 21%); the frequency returned to levels similar to those of
the control after a 20 min wash in control solution. A single asterisk
denotes P ≤ 0.05; two, P < 0.01; three P < 0.005; and four, P < 0.001.
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Materials and methods
Eggs from white leghorn chickens were incubated at 37°C and 60%
humidity. Retinae of embryos at stages between E6 and E11 were dis-
sected free of sclera, pigment epithelium and vitreous body and loaded
with the Ca2+-sensitive fluorescent dye calcium green 1-AM (10 µM,
Molecular Probes) in avian Krebs’ solution in the presence of the dis-
persant Cremophor-EL (0.03%, Sigma) for 1 h at room temperature.
The Krebs’ solution contained: 100 mM NaCl, 30 mM NaHCO3, 6 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM NaHPO4, 20 mM glucose
(pH 7.4 with 5% CO2 : 95% O2). After loading, the retinae were main-
tained at room temperature in Krebs’ solution bubbled with 5%
CO2 : 95% O2. The central area of the retina was transferred to a per-
fusion chamber (volume 500 µl), held flat with a nylon mesh and contin-
ually superfused with bubbled Krebs’ heated to ~35°C. When
transverse sections were imaged, slices ~1 mm thick were cut manu-
ally from retinae flat-mounted onto a black Millipore filter support. These
sections were arranged such that all the retinal layers were visible and
lay at 90º to the bottom of the perfusion chamber. Drugs were bath-
applied in Krebs’ solution at 35°C: TTX, caffeine, bicuculline, eserine,
atropine, strychnine, octanol, DA and forskolin were all from Sigma;
thapsigargin from Calbiochem; AP5 and CNQX, glycine, 3α-bis-(4-flu-
orophenyl)methoxytropane (FPMT), 1-(2-(Bis-(4-fluorophenyl)meth-
oxy)ethyl)-4-(3-phenylpropyl)piperazine (GBR12909) were all from
Tocris; and curare was from Fluka. When Ca2+-free external solution
was used, Ca2+ was replaced with Mg2+ and 0.5 mM of the Ca2+
chelator EGTA was added. Fluorescence images were recorded using
a slow-scan cooled CCD camera (Digital Pixell model 2000) and
Lucida 2.0 software (Kinetic Imaging Ltd). After background subtrac-
tion, images were normalised to the base-line level of fluorescence, and
the mean fluorescence intensity was calculated within the central part
of the image (150 µm × 250 µm, except when images were acquired at
low power). Quantitative results are presented as normalised to the
control situation, together with the standard error of the mean (SEM)
and the P value calculated using Student’s paired t-test.
Dye-coupling through gap junctions between neurons in the ganglion
cell layer and other retinal cells at E11 was assessed by whole-cell
patch-clamping of individual ganglion cells (identified on the basis of
their size and the presence of an axon in the fibre layer) in situ with an
internal solution containing fluorescein–dextran (Mr 10,000; 3%) and
neurobiotin (Mr 323; 0.5%). The internal solution comprised: 2 mM
MgCl2,  0.1 mM CaCl2, 40 mM HEPES, 5 mM NMDG-EGTA, 103 mM
Cs-gluconate, 1 mM Na2ATP (pH 7.0). The high molecular weight fluo-
rescein–dextran remains trapped in the injected cell, whereas the low
molecular weight neurobiotin is free to diffuse through gap junctions
and thus to label any coupled cells. Each injected cell was held in the
whole-cell configuration for 2 min to allow the dyes to diffuse into the
cytoplasm before the pipette was slowly pulled away from the soma.
When this was performed carefully, the membrane sealed over and the
cell remained healthy. The neurobiotin was given 20 min to diffuse
through gap junctions before the retinae were fixed in 4%
paraformaldehyde, permeabilised, stained with Cy5-labeled avidin
(BDS) to allow for detection of the neurobiotin and mounted in Citifluor
(City University) as described [S1], with slight modifications. The
retinae were examined using the 494 nm and 650 nm lines of a Leica
TCS 4D laser scanning confocal microscope equipped with an
argon/krypton laser. Using these wavelengths, the separation of the flu-
orescent signals from the two dyes was almost complete. Optical sec-
tions of about 1 µm were taken through the depth of the flat-mounted
retina and analyzed using Scanware 5.0, Adobe Photoshop 3.0 (Apple
MacIntosh) and Power Point 4.0 (Windows 3.11) software.
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Figure S1
Ca2+ transients persist when internal Ca2+ stores are depleted. The
frequency of spontaneous Ca2+ events in embryos at E9–E10 was
normalised to the frequency in a control solution before application of
the drugs. (a) Ca2+ transients persisted in the presence of caffeine.
Depleting internal stores with 10 mM caffeine did not affect the
occurrence or frequency of the Ca2+ transients (n = 3). (b) Preventing
the refilling of internal Ca2+ stores with a 15 min application of 1.5 µM
thapsigargin did not abolish the Ca2+ transients. The frequency of the
events in thapsigargin was 67 ± 10% of control (n = 3, P ≤ 0.1).
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Figure S2
The effects of octanol and high and low doses of dopamine on the
number of cells dye-coupled to ganglion-cell-layer neurons at E11. In
control solution, these cells were coupled to an average of
13.09 ± 2.20 others (n = 50). In octanol (2 mM), the number of
coupled cells was on average less than one (0.36 ± 0.19, n = 14).
Dopamine (DA; 100 nM and 100 µM) was without effect (number of
coupled cells 10.13 ± 2.98, n = 15, and 15.62 ± 3.73, n = 13,
respectively). Three asterisks denote P < 0.005. 
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Legend to the movie segment:
Propagation of successive Ca2+ waves across the retina. The movie
segment is similar to the one from which the images in Figure 1b were
extracted and shows a low-power view of a field of ganglion cells from
an E10 retina loaded with calcium green 1-AM. The images were
acquired at 1.5 sec intervals (7.15 min total recording time) and are
shown at 22.5 times the acquisition rate. Brighter colours represent
higher [Ca2+]i. Successive transient increases in [Ca2+]i can be seen to
propagate as waves across the field of view. The area of the retina
shown is approximately 0.6 × 1 mm. See paper for further details. If you
wish to view the movie, click on the movie link.
S2 Supplementary material
